Accurate analysis of fly ash particles is not trivial because of complex nature in physical and chemical properties. SPLITT fractionation (SF) was employed to fractionate the fly ash particles into subpopulations in large quantities. Then the SF-fractions were analyzed by the steric mode of sedimentation field-flow fractionation (Sd/StFFF) for size analysis. The SF-fractions were also analyzed by ICP-OES. The results showed that the fly ash is mainly composed of Fe, Ca, Mg and Mn. No particular trends were observed between the particle size and the concentrations of Fe, Ca, Mg, while Mn, Cu and Zn were in higher concentrations in smaller particles. Sample preparation procedures were established, where the fly ash particles were sieved to remove large contaminants, and then washed with acetone to remove organics on the surface of particles. The sample preparation and analysis methods developed in this study could be applied to other environmental particles.
Introduction
Fly ash is a major component of the combustion product (usually 60 to 88%) emitted by burning of pulverized coal from thermo-electric power stations. 1, 2 Being generated from various constituents in the coals, fly ash is a complex mixture of inorganic and organic compounds having heterogeneous physicochemical properties. Fly ash is composed of particles of various sizes ranging from less than nanometers up to a few micrometers. Fly ash may contain heavy metals and toxic organic compounds such as polycyclic aromatic hydrocarbon (PAH), polychlorinated biphenyls (PCBs) and polychlorinated dibenzodioxins (PCDDs), 3, 4 which are easily leached out into environment. [4] [5] [6] [7] [8] [9] Recent study of epidemiology has shown that increased concentration of airborne particles was related to increased mortality and morbidity from respiratory and cardiovascular diseases. [10] [11] [12] Most thermoelectric power stations are now equipped with electrostatic precipitators to reduce emission of fly ash. 2 There have been reports on the relationship between the particle size of the fly ash and its chemical composition. [2] [3] [4] 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Generally the metal content tends to increase as the particle size decreases. This dependency is prominent for particles smaller than 50 m and for the more volatile metals such as Pb, Cu, Cd, As, Zn, etc. 20, 21, 24 This increase in the metal content is likely due to increased surface area with decreasing particle size. Analysis of particle size distribution of fly ash is thus important for understanding of the environmental effect of fly ash. Although there have been numerous reports on the size analysis of fly ash particles and on the analysis of the trace elements associated with the fly ash, the relationship between the particle size and the chemical composition
has not yet been thoroughly investigated. 11, 16, 17 Split-flow thin (SPLITT) cell fractionation (SF) is a technique that can be used for fractionation of colloids and particulate materials in a preparative scale. [25] [26] [27] [28] [29] SF generally provides a binary separation (fractionation into two sub-populations) in one operation. Figure 1 shows a schematic view of SF channel operating in the full-feed depletion (FFD) mode, [30] [31] [32] where, unlike in a conventional mode, the bottom inlet (inlet b') is blocked, and only the top inlet (inlet a') is used for feeding of the sample suspension. The sample particles settle while being transported down the channel toward the outlet. Particles settling fast enough to cross the outlet splitting plane (OSP) will exit through the bottom outlet (outlet b), and the others will exit through the top outlet (outlet a), thus yielding a binary separation of the sample. SF is non-destructive as the sample components are under little mechanical stress, if any, during SF operation. And the separation is tunable that the cut-off diameter (d c ) is readily controlled by varying the ratio of outlet flow rates, which affects the vertical position of OSP in the channel.
Field-flow fractionation (FFF) is a family of elution-based separation techniques applicable to various types of macromolecules and colloidal particles ranging in sizes from a few nanometers up to about 100 m. 33 FFF has been used to separate biological, pharmaceutical, environmental, food, and industrial materials. 14, [33] [34] [35] [36] [37] [38] [39] [40] [41] Unlike most chromatography columns, FFF channel is open (unpacked), wherein a laminar flow having a parabolic flow profile transports the components down the channel.
In this study, sedimentation FFF (SdFFF) was employed to characterize the size distributions of SF fractions of fly ash. And then their chemical compositions were analyzed using inductively coupled plasma-optical emission spectrometry (ICP-OES) and energy dispersive X-ray spectroscopy (EDX). Then the relationship between the chemical composition and the particle size was studied.
Theory
In the FFD mode of SF (FFD-SF), the cutoff diameter (dc) is given by 30, 42 (1) where and are the volumetric flow rate at the outlet a and the inlet a', respectively,  the viscosity of carrier liquid, b the channel breadth, L the channel length, G the gravity, and  is the density difference between the particle and the carrier liquid. The resolution in FFD-SF may not be as high as that in the conventional mode due to the lack of the bottom inlet flow. Some of particles smaller than d c may exit through the outlet b, contaminating the SF fraction collected from the outlet b (SF fraction-b). 30, 43 This is because there is no incoming flow through the inlet b' to push the sample particles toward the upper wall of the channel to form a narrow sample layer. Still, the FFD mode provides an attractive alternative to the conventional mode as it does not cause dilution of the sample, which is particularly useful when the particle content in the sample is very low such as many environmental particles or when the SF fractions are to be subjected to other analysis such as ICP-OES or AAS, etc. In the conventional mode of SF (where both inlets are used), the flow rate through the inlet b' is usually much higher than that through the inlet a' (usually about 10 times), resulting in about 10 times dilution of the sample after SF operation. The contamination of the fraction b in the FFD mode could be reduced by repeating SF operation on the fraction-b (refeeding of the fraction-b).
Also, in FFD-SF, a flow-splitter is not needed at the channel inlet, allowing the SF channel to be lager, which, in turn, allows higher throughput (the amount of the sample that can be treated by SF in a given time period). Usually the size of the SF channel is limited due to the presence of the flow-splitter, which may be distorted if the channel size exceeds a certain limit.
In the steric mode of SdFFF, the retention time (t r ) of a particle is related with the particle diameter (d) by 44 ( 2) where w is the channel thickness, t o the channel void time,
and  a dimensionless "steric correction factor." It can be seen that, as the particle size increases, the retention time decreases (larger particles are eluted faster).
Due to an uncertainty in , 45 the size determination by Sd/ StFFF requires a calibration using a plot of log t r vs. log d, which is often expressed by 46 log t r = S d log d + log t r1 (3) where Sd is the diameter-based selectivity (typically in the range of 0.7-0.8), and tr1 a constant equal to the extrapolated value of the retention time of particles of unit diameter.
If  is constant, this plot is expected to be a linear.
The mass-based particle size distribution, m(d), which represents the relative mass as a function of diameter, is then obtained by 47 (4) where c(t r ) is the detector signal at the retention time t r , and the volumetric flow rate. If the signal in Eq. (4) is divided by d 2 , the mass-based size distribution is converted to the number-based size distribution.
Experimental
Sample Preparation. Fly ash was collected using an electrostatic precipitator equipped in a thermo-electric power plant in Dang-Jin, Korea. Fly ash were recovered from the storage bag, and then dried in an oven at 105 o C for 2 h. For accurate SF and FFF analysis, the fly ash particles need to be well suspended in the aqueous medium. The fly ash powder was first washed with acetone to remove the organic compounds that may exist on the surface of the particles, which could cause particle aggregation. 41 About 25 mL of acetone was added to 3-5 g of dry fly ash powder and then the mixture was vortexed for 3 min. The mixture was then centrifuged at 200 rpm for another 3 min. After removing the supernatant, the same amount of acetone was added again for another washing. After the acetone-washing, the fly ash was washed with water three times in the same manner (about 50 mL of water was used at a time). The wet fly ash was dispersed in the carrier liquid (water with 3% FL-70), and then passed through a 220-mesh sieve (~44 µm in pore size) to remove large particles. The densities of fly ash particles vary, and in this study, the average density of 2.5 g/mL was chosen for d c calculation. For ICP-OES analysis, SF fractions were filtered through a 0.45 µm membrane filter (MFS, Advantec, Inc., Tokyo, Japan) to collect the particles. The particles were dried in an oven at 105 o C for 2 h together with the filter paper. The fly ash particles dried in the filter were placed in a ceramic crucible and ashed in a furnace at 750 o C for 2.5 h. After the ashing, the fly ash were weighed, and then dissolved in 5 mL of 12 M HCl in a 50 mL Pt crucible. After adding 2 mL of HClO 4 (for wet-combustion) and 5 mL of HF (to dissolve silica), the Pt crucible was slowly heated on a hot plate for 5 h at 240 o C until the mixture is completely dried. Finally 5 mL of HCl and 45 mL of water were added to dissolve the dried solid for ICP-OES analysis.
SF Fractionation. A new large scale SF channel was assembled for this study, which was designed to operate only in the FFD mode. 48 The SF channel was 50 cm long, 10 cm wide and 1,700 ìm thick. The inlet flow (sample-feeding flow) was provided by a Masterflex peristaltic pump (Barrant, BT, USA). The two outlet flow rates, V(a) and V(b), were controlled by connecting tubings of various diameters and lengths to the outlets.
The carrier fluid was water containing 3% (w/v) of FL-70 (Fisher Scientific, Fair Lawn, NJ, USA). For the calculation purposes, viscosity and density of the carrier liquid are assumed to be 0.01 poise and 1.00 g/mL, respectively. The SF system was maintained at room temperature during operation.
SdFFF. The SdFFF channel used in this study is 0.019 cm thick, 89.5 cm long and 1.5 cm wide. The radius of the channel rotor is 15.1 cm. The channel surface was a polished Hestalloy-C alloy which is consisted of 56% Ni, 15% Cr, 17% Mo, 5% Fe, 4% W and traces of Mn and Si. The channel void volume was 2.8 mL when measured from the elution volume of bromo phenol blue (BPB). The carrier liquid was pumped by a M930 HPLC pump (Young-Lin Scientific Co., Anyang, Korea). The eluted particles were monitored by a Gilson Model UV-112 detector operating at the fixed wavelength of 254 nm. The control and data collection of the SdFFF system was performed by a personal computer equipped with the Lab View (National instrument Co., Austin, Texas, USA). The sample was injected directly into the channel through a rubber septum, and the injection volume was between 20 and 100 L depending on the sample concentration. All SdFFF experiments were performed at room temperature (23-24 o C), and the carrier liquid was water with 3% FL-70 and 0.02% NaN 3 .
Optical Microscopy (OM). The optical microscopy (OM) was performed by using an Olympus BX51TF optical microscopy (Shinjuku Monolith, Shinjuku-ku, JAPAN). For all OM analysis of the size distribution of the fly ash particles were measured by using the Image Inside software (Focus, Daejeon, Korea).
Photon-Correlation Spectrometry (PCS).
The PCS was performed by using a Zeta Sizer-3000HSA (Malvern, UK) to determine size distributions of fly ash particles. 
ICP-OES. A Perkin Elmer Optima 5300 DV ICP-OES

Results and Discussion
Size Distribution of Fly Ash before and after the Acetone Washing. Fly ash particles may contain some organic compounds on surface, which could cause particle aggregation. If present, the aggregated particles need to be disintegrated for reliable and reproducible size data from SdFFF analysis. Figure 2 shows size distributions of fly ash obtained by OM and SdFFF before and after the acetone washing.
For size measurements, the fly ash dispersion was allowed to settle for 10 min, and then the supernatant was taken for size analysis. As shown in Figure 2 , large particles disappear after the acetone washing, probably due to disaggregation of the particles by the removal of the organic compounds adsorbed on the surface of the particles. Figure 3 show size distributions of the same fly ash obtained by PCS (dotted lines) and SdFFF (lines). The SdFFF data shown in Figure 3 are the same as those shown in Figure 2 . PCS results also show reduction in size by acetone washing. It is noted that the size from PCS are much lower than those from SdFFF, probably due to settling of larger particles during 3 min PCS measurements. It seems PCS is not adequate for size measurement of large and dense particles such as fly ash.
Size-based Separations of Fly Ash by SdFFF. After the sieving and acetone-washing, the fly ash suspension was analyzed by the steric mode of SdFFF (Sd/StFFF). the smaller ones. The slice-A is the void peak, and contains unretained small particles that could not be recognized by OM.
SF Fractionation of Fly Ash. SF was employed to obtain size-fractions of the fly ash in large quantities. Figure 5 shows the procedure used in this study for size-based fractionation by SF, followed by Sd/StFFF analysis. After the sieving and acetone washing, the fly ash particles were fractionated by SF. The SF fraction-a and b obtained by FFD-SF were analyzed by SdFFF and SEM-EDX. The fraction-b was fractionated again by FFD-SF at the same condition to produce the fractions-ba and bb, which were analyzed again by Sd/StFFF. Figure 6 shows optical micrographs of the fly ash particles in the SF fractions obtained by the procedure shown in Figure 5 . The total mass of particles in the fly ash suspension fed into the SF channel was 3 g, and those in the fractions-a and b were 0.757 and 1.986 g, respectively. The sample feeding flow rate was 118 mL/min, and the outlet flow rates, V(a) and V(b) were 24 and 94 mL/min, respectively. The cut-off diameter, d c was 10.3 m. As shown in Figure 6 , a reasonable fractionation of fly ash particles were obtained with the fractions-a and ba containing mostly particles smaller than about 10 m. Particles larger than about 10 m were found only in the fractions-b and bb. The fractions-b and bb also contain particles smaller than d c , which is expected by theory as mentioned earlier.
Sd/StFFF of SF Fractions. The SF fractions shown in Figure 6 were analyzed by Sd/StFFF. Figure 7(a) shows Sd/ StFFF fractograms of fly ash in the original sample and the SF fractions-a and b, and Figure 7 (b) the size distributions obtained from the fractograms shown in Figure 7 (a). SdFFF conditions were the same as those in Figure 2 . As shown in Figure 7 (b), FFD-SF yielded fractionation of the fly ash particles into two subpopulations of different sizes with the fraction-a containing smaller particles and the fraction-b containing relatively larger particles. Figure 8 shows SEM images of SF fractions-a (a) and b (b). As expected from Figure 7 , the SF fraction-a mostly contains particles smaller than the cut-off diameter (d c = 10.3 µm). As was observed in Figure 6 , particles larger than about 10 ìm were found only in the fractions-b and bb, and the fractions-b and bb contain some particles smaller than d c . Figure 9 (a) shows Sd/StFFF fractograms of fly ash in the SF fractions-b, ba, and bb, and Figure 9 (b) the size distributions obtained from the fractograms shown in Figure 9 (a). SdFFF conditions were again the same as those in Figure 2 . Results shown in Figure 9 are similar with those shown in Figure 7 . Compared to the fractogram of the fraction-b, the fractogram of the fraction-ba was shifted right, while that of the fraction-bb was shifted left, indicating the fraction-b was further separated after repeated SF operation. It is also noted that the size distributions of the fractions-ba and bb are narrower than that of the fraction-b. Results shown in Figures 6, 7, 8 and 9 clearly demonstrate the usefulness of SF in pre-fractionation of fly ash particles before SdFFF analysis.
ICP-OES Analysis of SF Fractions. Concentrations of various elements in the fly ash particles in SF fractions were measured by ICP-OES, and the results are shown in Table 1 . For most elements shown in Table 1 , the concentrations are higher in the fraction-a than those in the fraction-b, as expected, because the fraction-a contains relatively smaller particles. Generally the concentrations of the elements adsorbed on particles are inversely proportional to the particle size as the surface area increases with decreasing size. It is noted that measured element concentrations shown in Table  1 are for the entire particles, not just for those on the surface of the particles.
Results from ICP-OES indicate that the major elements of the fly ash particles are Fe, Ca, and Mg, for which no significant differences in concentrations were observed between the SF fraction-a than in b. Other elements show higher relative differences between concentration in the SF fraction-a than in b, suggesting they are absorbed on the surface of the particles from air during coal combustion and hence show higher concentration in the SF fraction-a than in b. 49 These Table 2 shows elemental composition determined by SEM-EDX. The results show the surface of the fly ash particles are mainly composed of elements such as C, O, Mg, Al, Si, K, Ca, Ti and Fe. Smaller particles (SF fraction-a) contain higher concentrations of C, Al, Si, Ca and Fe than larger ones, while larger particles contain higher concentration of O, Mg, K, and Ti. Carbon content is higher in the SF fractiona (smaller particles), which originate from incomplete combustion of the lignite. 18 The results obtained for Ti and K are similar with the results reported elsewhere. 49 It can be seen that the SEM-EDX results are somewhat different from those in Table 1 . First, SEM-EDX measures the relative elemental composition on the particle surface, not the bulk of the particles. The difference also comes from the differences in the sample preparation procedures. For ICP-OES analysis, carbon was not included because carbon is not dissolved in acid. Unlike SEM-EDX, the ICP-OES analysis yields the composition of entire particles, and thus the results from ICP-OES do not explain much on the adsorption of various toxic organic and inorganic compounds. It is recommended that a proper analysis method must be chosen based on the type of information needed.
Conclusion
Results shown in this study suggest that SF can provide a useful tool for pre-separation of complex particles such as the fly ash before characterization by SdFFF or other elemental analysis. 
